The dynamics of the D+MuH(v=1) reaction has been investigated using time-independent quantum mechanical calculations. Total reaction cross sections and rate coefficients have been calculated for the two exit channels of the reaction leading respectively to DMu+H and DH+Mu. Over the 100-1000 K temperature range investigated the rate coefficients for the DMu+H channel are of the order of 10 −10 cm 3 s −1 and those for the DH+Mu channel vary between 1·10 −12 −8·10 −11 cm 3 s −1 .
I. INTRODUCTION
The use of muon isotopic variants in studies of the H+H 2 reaction has provided extreme mass combinations for the investigation of kinetic isotope effects and has stimulated a vivid discussion on the role of tunneling, zero point energy (ZPE) and vibrational adiabaticity on the reaction dynamics. [1] [2] [3] [4] [5] [6] A very interesting aspect of muonium, Mu, chemistry, recently highlighted in the literature, is the possibility of inducing a fundamental change in the nature of chemical bonding by Mu isotopic substitution. [7] [8] [9] [10] [11] [12] [13] [14] [15] Specifically, rigorous QM calculations have shown that the "heavy-light-heavy" system BrLBr, where L is an isotope of hydrogen, can change from Van der Waals to vibrational bonding when L=Mu. [8] In contrast to conventional chemical bonding, that is due to a minimum in the potential energy, often associated with a slight increase in ZPE, vibrational bonding results from a decrease in ZPE in a minimum-free potential energy surface (PES). As expressed by Clary and Connor, [16] the existence of a vibrational bond is a dynamical effect, unlike a conventional chemical bond, which arises from the overall attractive forces between the atoms.
Interest in vibrational bonding rose in the nineteen-eighties [16] [17] [18] [19] [20] [21] , when theoretical calculations on different semi-empirical PESs predicted the occurrence of this kind of bonding for XLX-type molecules, with X being a halogen, and L a hydrogen isotope. However, electron photodetachment spectra of XHX − and XDX − ions carried out by Newmark and coworkers, [22, 23] ruled out the existence of vibrational bonding for these systems [24] . The discrepancy between theory and experiment was attributed to the inaccuracy of the semiempirical PESs used in the calculations. Recent calculations on more accurate ab initio
PESs [14] could account for the features in the photodetachment spectra of Neumark and co-workers, and corroborated the absence of vibrationally bonded XHX and XDX complexes, but maintained the prediction of vibrational bonding for XMuX. The very light Mu atom (0.114 amu) oscillating between the two Br atoms stabilizes the triatomic complex to the point that its ZPE is lower than the ZPE of the X+MuX asymptote. The actual existence of a BrMuBr complex is supported by the recent experiments of Fleming and co-workers [7] on the of the Mu+Br 2 reaction system.
The mentioned photodetachment experiments of Neumark and co-workers ruled out vibrational bonding in XHX, but provided spectra that were attributed to scattering reso- for atom-diatom reactions and, notably, for the benchmark H+H 2 system (see [29] [30] [31] [32] and references therein). These resonances were related to fleeting metastable energy levels that can be understood in terms of vibrationally adiabatic potential (VAP) curves. [30, 31] Analyses of cumulative reaction probabilities, C R (E tot ), and of densities of reactive states, led to structures suggesting that quantized transition state levels can constitute effective dynamical bottlenecks for chemical reactions [30, 31] .
The experimental demonstration of these effects is however difficult. Though clear structures stand out in the C R (E tot ) for individual values of the total angular momentum, J, they tend to become blurred when the whole set of angular momenta relevant for the experiments is taken into account. [32, 33] The shape of the different VAP curves is variable.
In some cases, the curves are repulsive, with a maximum at the saddle point in the reaction coordinate and give rise to "barrier resonances"; [30] [31] [32] [33] in other cases VAP curves show minima for atomic configurations in the vicinity of the saddle point of the PES. These wells in the VAP curves are found for some vibrationally excited states and are reminiscent of the vibrational bonding [8] described above, except for the fact that the bottom of the wells in the present study is at a higher energy than the asymptotic energies for ground-state reactants and products. In any case, the complexes corresponding to this type of resonance are expected to be longer lived than those associated with barrier resonances.
Quantized transition states corresponding to triatomic configurations are usually labeled [30, 31] with the quantum numbers (v 1 ,v Ω 2 ), where v 1 corresponds to symmetric stretching, v 2 to bending, and Ω to vibrational angular momentum; the "missing" asymmetric stretching mode, ν 3 , of the triatom is associated to the reaction coordinate. For the H+H 2 , D+H 2 , and H+D 2 reactions, wells are found only for (v 1 ,0 0 ) levels of the transition state with v 1 > 1, and the well depths are found to increase with growing v 1 . Although the presence of these wells can lead to structures in the evolution of the reaction probability with energy for individual values of the angular momentum, P J (E), these structures do not survive the partial wave summation implied in integral reaction cross sections, σ R (E tot ).
Experimental evidence for the appearance of scattering resonances upon vibrational excitation has been recently reported in measurements of state resolved differential cross sections for the F+HD(v=1) [34] and Cl+HD(v=1) reactions. [35] The authors of these works invoke 2 In fact, in a previous study by our group [36] it was found that just Mu substitution was enough to induce a well in the (00 0 ) DMuH VAP, which led to a maximum in the evolution of the reaction probability with energy, but had little effect on the integral reaction cross section. Adding vibrational excitation to Mu substitution might lead to a deeper well with appreciable influence on the cross section.
Besides the above mentioned effects on the structure of quantized transition states, internal excitation should help to overcome the reaction barrier and thus enhance the reactivity, but it is not a priori clear whether vibration is more or less efficient than translation for promoting the reaction, or which is the specific effect of vibrational excitation on each of the two reaction channels. In order to clarify these questions we have performed quantum presented in ref. [6] . The main difference between the first two and the BH PES stems from the fact that the latter includes the adiabatic diagonal term that depends on the isotopologue masses. In any case, the disagreement is practically negligible for temperatures above 300 K.
These small discrepancies are largely irrelevant for the study of the comparative dynamics of the two exit channels of D+MuH(v=1) presented in this work.
An account of the quantum dynamical methods used can be found in. [39, 40] In the following we summarize just the details relevant for the present study. The calculations were carried out using the coupled-channel hyperspherical coordinate method implemented in the ABC code of Skouteris et al. [39] The scattering matrices were obtained for a grid of 80 total energies spanning the 0.6 eV to 2.18 eV total energy range. The basis set included all diatomic levels up to a cutoff energy of 3.0 eV and comprised helicity quantum numbers, Ω, until a maximum value of 25. All partial waves till J max =48 were considered and the propagation was extended in 150 sectors up to 18 a 0 .
The thermal rate coefficients, k(T ), can be derived from the calculated CRPs using the following expression: [40, 41] 
where the total CRP as a function of the total energy, C R (E tot ), is given by:
with C J R (E tot ) indicating the CRP for a given value of the total angular momentum. In Eq. (1) k B is the Boltzmann constant, and Φ rel (T ) and Q M uH v,j (T ) are the translational and coupled nuclear-rovibrational partition functions, respectively.
The thermal-CRP including the reagent's partition function is defined as:
whose integration over the total energy range yields k(T ).
To illustrate and analyze the dynamical implications of the results, the minimum energy path, MEP, and vibrationally adiabatic potentials (VAP) for the two channels of the 
III. RESULTS AND DISCUSSION
The evolution of the excitation function (integral reaction cross section as a function of total energy), σ R (E tot ), is shown in Fig. 1 for the two exit channels of the D+MuH reaction and for the v=0 and v=1 levels of MuH. For MuH(v=0), the integral cross sections are negligible until a point where they begin to rise appreciably and show then a smooth tendency to stabilization. As discussed in a previous publication, [36] the onset of appreciable cross section rise is close to the reaction threshold obtained in quasiclassical trajectory (QCT)
calculations. The threshold for DMu production is lower than that for the DH formation, but the cross section for this channel becomes larger beyond E tot =1.0 eV (E coll =0.41 eV). As discussed in ref. 36 , the predominance of the DH + Mu channel at E coll > 0.4 eV (E tot =1.0 eV) can be related to the position of the center of mass of MuH, which lies very close to the H atom and it leads to a much larger cone of acceptance for collisions with the hydrogen end of the molecule. In stark contrast, for the D+MuH(v=1) reaction the cross section for DMu production has no translational barrier. It rises sharply as soon as the channel is energetically open (E tot = E v=1 (MuH) =1.657 eV) and exhibits a pronounced, rather sharp post-threshold peak, associated with a resonance contributed by the first 12 partial waves. After the resonance, the cross section decreases rapidly to stabilize at values close to those of the DH channel, such that the excitation function for the two product channels of D+MuH(v=1) cross at an energy of 2.1 eV. For the DH + Mu channel the evolution is smoother with an initial low tail followed by a more pronounced rise. A close inspection of the tail (see inset in Fig. 1) shows that it has a maximum close to 1.70 eV, roughly coincident with the maximum in the cross section for the production of DMu. The inset also displays the QCT cross sections calculated at four collision energies for the D+HMu(v=1) → DH+Mu. Remarkably, not only QM but also QCT calculations predict some small reactivity at energies below the adiabatic collinear barrier of the DH+Mu channel, indicated by a red arrow in the inset of Fig. 1 . This effect will be discussed further down in this section. The distinct effect of translational and vibrational excitation on reactivity is shown in Fig. 2 , where the vibrational enhancement factor, VEF, defined as
is represented for the two channels as a function of the total energy. For the DMu+H channel the VEF is always larger than one, indicating that vibration is more efficient than translation for promoting the reaction over the whole energy range considered. In contrast, for the DH+Mu channel translational excitation is more favorable than vibrational excitation (VEF <1) for total energies below 1.9 eV (E coll =0.24 eV for v=1
and E coll =1.30 eV for v=0); beyond this value vibrational excitation is preferable. Since the seminal studies of Polanyi and co-workers, [43, 44] the relative efficiency of translation and vibration on the reactivity of A+BC systems with an energy barrier has been largely explained by considering the location of the barrier on the PES. [45] Translational energy was found to be efficient for reactions with an early barrier, and vibrational energy for reactions with a late barrier, where "early" and "late" refer to to the reactants' and products' valleys of 7 Irrespective of the barrier location vibrational excitation enhances reactivity more efficiently than translational excitation at higher energies, beyond the cross-over point, and the reverse is true at low energies. As noted by Jiang and Guo, a bimolecular reaction implies collisions requiring momentum transfer, and thus translational excitation is needed and can be preferable at low energy even for vibrationally excited reactants. The comparatively slow rise of the VEF for the DH+Mu channel and the fact that it is less than one over an appreciable energy range suggest the presence of an early barrier. An analogous behavior is observed for the typical early-barrier reactions F+H 2 and F+HCl. [46] For the present reaction, the saddle point in the PES is located at the midpoint between reactants and products, but as discussed elsewhere, [5, 6, 36, 47 ] the effective reaction barriers for the isotopic variants of the H 3 system are usually given by the profile of the relevant vibrational adiabatic potentials (see below) and their locations are shifted with respect to s=0, the position of the saddle point in the MEP of the purely electronic potential. For the production of DMu+H, the cross-over point in Fig. 2 virtually coincides with the energetic opening of the D+MuH(v=1) reaction.
The Arrhenius plots of Fig. 3 show that vibrational excitation from MuH(v=0) to MuH(v=1) leads to a huge increase in the rate coefficients for the two exit channels, which is more marked in the low T range. With growing T the difference between the k(T ) for v=0 and v=1 becomes gradually smaller, but even at 1000 K the rate coefficients for v=1 are larger by one order of magnitude. For the ground state reaction, the rate coefficients are strongly dependent on T and fall by several orders of magnitude as the temperature drops from 1000 K to 100 K. Between 1000 K and ≈300 K the k(T ) exhibit a typical Arrhenius behavior characterized by a straight line with a negative slope, below 300 K the k(T ) show an upward curvature, that can be attributed to tunneling. [36, 48, 49] For the v=1 reaction, the temperature dependence of the rate coefficients is comparatively weak. In the DH+Mu channel, an upward curvature is still discernible in the figure and the rate coefficient falls by about two orders of magnitude between T =1000 and T =100 K. For the DMu+H channel, the temperature dependence of k(T ) is even weaker, with no appreciable curvature in the plot of upper panel Fig. 3 , and the absolute values of k(T ) are large (4 · 10 −11 − 2 · 10 energetic barrier controls the production of DH+Mu, whereas the formation of DMu+H proceeds possibly without a barrier. 
A. The DMu+H channel
The DMu+H channel, Fig. 4(a) , is slightly exoergic and is characterized by the presence of wells in the VAPs of the two vibrational states located around the position of the maximum in the MEP. For v=0 the wells, both for the collinear and the 3D VAP, are limited by two nearly symmetric barriers which are more pronounced in the three dimensional case. The bottom of the v=0, 3D adiabat, corresponding to the (0,0 0 ) state, is at a higher energy than that of the asymptotes of reactants and products, and thus no vibrational bonding is formed.
As discussed in a previous publication [36] the well in the v=0 VAP can sustain resonances giving rise to pronounced peak structures in the reaction probability for individual angular For v=1, the wells in the collinear and 3D VAPs are much deeper (of the order of 1.0 eV). The bottoms of these wells lie well below the asymptotes of the v=1 reactants and products thus suggesting the occurrence of vibrational bonding for v=1. However, although the binding character of the v=1 VAPs is much stronger than that of the v=0 adiabats, still one cannot strictly speak of vibrational bonding in an absolute sense [8] , since the minimum of the 3D VAP well is somewhat above the energy of the ground state asymptotes. In any case, the large depth of the 3D well gives rise to a strong resonance structure that survives partial wave summation, and appears as a pronounced maximum in the integral cross section represented in Fig. 1 . Assuming further that the effective barriers for reaction in the H+H 2 system are given by the relevant collinear VAPs (see [36] and references therein) it is interesting to observe that the collinear adiabat for v=1 has no barriers, which is consistent with the large value and weak temperature dependence found for the k(T ) of this channel (see upper panel of Fig. 3) In a recent crossed molecular beam study on the Cl+HD(v=1) → DCl+H reaction, Yang et al. [35] have demonstrated the occurrence of short-lived reaction resonances due to VAP wells caused by bond softening in HD(v=1). The authors of that work anticipate that this behavior can be expected for many other reactions with vibrationally excited molecules. For the Cl+HD(v=1) system, the resonance effect on the overall reactivity is weak, and is only observable in some features of the differential cross section for backward scattering . [35] The strong resonance peak in the integral reaction cross section for D+MuH(v=1) → DMu+H shown in the present work (see Fig. 1 ) provides an extreme example of the effect of bond softening on dynamical resonances. In our previous work for the D+MuH(v=0) reaction (see ref. 36) , it was hypothesized that the reactivity into the DH+Mu channel below the collinear adiabatic barrier could be due to an "indirect" classical mechanism causing a switching from the DMu to the DH channel.
For the D+MuH(v=1) reaction, the effect is much more noticeable and, moreover, it is also found in QCT calculations. In Fig. 5 This process takes place, albeit with a small probability, in the region of the deep well in the DMu+H VAP (see Fig. 4 ) and is important for energies below the collinear barrier (∆E b =0.047 eV, E tot =1.70 eV), as shown in the inset of Fig 1. For energies beyond the barrier, the direct mechanism is expected to dominate heavily. The coexistence of the two mechanisms is manifest in the bimodality of the thermal cumulative reaction probabilities, C R (E tot , T ), for the DH+Mu channel displayed in Fig. 6 . The C R (E tot , T ) exhibits a first maximum close to 1.7 eV, immediately after the energetic opening of the D+MuH(v=1) channel and a second, broader, maximum at higher energy. The first (small) maximum, whose location is approximately coincident with that of the (single) maximum in the D+MuH(v=1)→ DMu+H channel C R (E tot , T ), is due to the above mentioned indirect mechanism for the production of DH+Mu. It corresponds to a "leakage" from the Fig. 6 shows that at 300 K the contributions of the two mechanisms to the rate coefficient (given by the integral of C R (E tot ; T ) over E tot ) are comparable in size. However, at 400 K the direct mechanism, corresponding to D+MuH(v=1) collisions with translational energies larger than the barrier height, is already predominant. The just described channelcrossing mechanism for energies below the barrier provides the tunneling responsible for upward curvature in the Arrhenius plot of the k(T ) visible in the lower panel of Fig. 3 
IV. SUMMARY AND CONCLUSIONS
The combined effect of muon isotopic substitution and vibrational excitation leads to the appearance of a deep well with strong bonding character in the vibrationally adiabatic potential of the D+MuH(v=1) → DMu+H reaction channel that gives rise to a pronounced maximum in the evolution of the total reaction cross section with energy. This well is a dynamical effect due to the stabilizing effect of the light Mu atom oscillating between the heavier H and D isotopes and to the bond softening induced by vibrational excitation. Although strictly speaking the potential well of dynamical origin does not constitute a vibrational bond, since its bottom is at a higher energy than that of the ground-state reactants and products, its presence stresses the possibility of vibrational bonding in other systems with suitable mass combinations and lends indirect support to the formation of a vibrationally bonded BrMuBr complex recently reported in the literature [8] .
The high tendency to preserve vibrational stretching, observed for all isotopic variants of the H+H 2 reaction, is corroborated once more by the fact that maxima in the collinear 
